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ABSTRACT: An extended family of iron oxalates, featuring two-dimensional, geometrically frustrated networks of kagome 
or triangular magnetic motifs with a range of structurally distinct inter-layer bridges, is obtained through the selective 
engineering of chemical bonding. The present work succinctly illustrates how both crystallographic and magnetic dimen-
sionalities can be manipulated by chemical tuning, affording an unusual degree of control over the ensuing properties of 
the materials studied. Magnetic susceptibility measurements reveal strong antiferromagnetic correlations between the Fe2+ 
centres in one of the novel compounds presented here and a high degree of spin frustration resulting from the topology of 
the magnetic layers. There is also evidence for an intriguing competition of exchange interactions between inter-layer and 
intra-layer interactions resulting in quasi-one-dimensional magnetic behaviour.  
Crystal structures composed of two-dimensional (2D) 
sheets of magnetic species arranged in triangular motifs 
are of great current interest for the understanding and ex-
ploitation of frustrated magnetism. The two distinct pri-
mary examples of triangle-based magnetic lattices are the 
triangular and kagome lattices, formed from networks of 
edge- and corner-sharing triangles of magnetic species, re-
spectively.1-7 Metal oxalates have attracted increasing at-
tention for their magnetic properties in recent years.8-15 
The oxalate moiety has a great ability to provide either an-
tiferromagnetic or ferromagnetic super-exchange path-
ways partly due to its wide variety of coordination modes 
between metal centres.16 The relatively low melting point 
of oxalic acid (103.5 °C) and its self-flux property add fur-
ther advantage of mild synthesis conditions to the explora-
tion of novel oxalates.17 The magnetic properties of many 
oxalate-based materials have been reported, formed from 
isolated clusters, 1D chains, 2D layers, or 3D networks of 
metal ion centres.8-18 
During our previous investigations of metal-oxalate sys-
tems,19-22 primarily to explore their potential as cathode 
materials in Li or Na ion batteries, we have observed that 
several hydrothermally-prepared oxalates are character-
ised by a 2D [Fe(C2O4)]∞ network, with a triangular ar-
rangement of oxalate-bridged magnetic Fe2+ nodes. Exam-
ples include (NH4)2Fe(C2O4)2H2O (A),23 
K4Na2[Fe(C2O4)2]33H2O (B),24 K2[Fe(C2O4)(HPO4)(H2O)] 
H2O (C),25 Na2Ba3[FeII3(C2O4)6] [AIV(C2O4)3] (A = Sn, Zr) 
and Na2Ba3[FeII3(C2O4)6][AIII(C2O4)3]0.5[AIII(C2O4)2]0.5 (A = 
Al, Fe) (D§).26 In spite of the same chemical formula, 
[Fe(C2O4)]∞, we notice that there are actually two distinct 
polymorphic arrangements within the iron oxalate layers 
of this family of compounds. The crystal-chemical differ-
ences between these are discussed later, but significantly 
these give rise to two distinct types of magnetic sublattice, 
viz. a distorted kagome or distorted triangular sublattice, 
 
Figure 1. Magnetic sublattices observed in the planar 
[Fe(C2O4)]∞ networks. (a) Type-1, distorted kagome lattice, (b) 
Type-2, distorted triangular lattice. Dotted lines represent the 
ideal configuration, black arrows show lattice distortion, and 
red curved arrows show triangular rotation. D1-D5 highlight 
different magnetic interaction pathways in the distorted 
structures. Fe positions only are plotted for clarity. (c-e) De-
tailed connections in (a) and (b). 
 Table 1. Comparison of 2D [Fe(C2O4)]∞ lattice-containing compounds. Type 1/2, D1-D5 as indicated in Figure 1. 
Compound Space group Bridge Dlayers(Å) Type D1-D5 (Å) 
(NH4)2Fe(C2O4)2H2O (A) P321 (C2O4)2- 7.377(1) 1 5.496(2), 6.797(3) 
Na2K4(Fe(C2O4)2)33H2O (B) P321 (C2O4)2- 7.461(1) 1 5.503(1), 6.933(2) 
K2Fe(C2O4)(HPO4) H2O (C) Pbca none 7.668(5) 2 5.543(2), 5.953(1), 6.578(1) 
KFe(C2O4)F (I) Cmc21 F- 3.890(2) 2 5.475(2), 5.920(2), 6.672(1) 
Li2[Fe(C2O4)Cl2][Fe(C2O4)(H2O)2]2H2O (II) Pca21 none 5.583(2) 2 
5.332(1), 5.727(1), 6.514(5) 
5.351(2), 5.749(4), 6.493(1) 
Na2Fe(C2O4)(SO4)H2O (III) P-62m (SO4)2- 6.487(4) 1 5.567(3), 6.921(4) 
illustrated schematically in Figure 1 (a-b), respectively. In 
addition, the [Fe(C2O4)]∞ layers in C stack in a different 
manner than in A and B. It appears that these similarities 
and differences have not been noticed previously and, 
therefore, these systems provide a great opportunity to ex-
plore and extend the solid-state chemistry of frustrated 
and chemically-tunable magnets. In particular, we note 
that the 2D [Fe(C2O4)]∞ networks are apparently stable 
structural motif under various synthesis conditions. How-
ever, the inter-layer connectivity opens a route to further 
structural flexibility, based on the presence of additional 
linking and separating ions, such as halides, (XO4)n– (X = P, 
S), and alkali metals. In this paper we report three novel 
additions to this family of frustrated magnets; each exhib-
its one of the polymorphic [Fe(C2O4)]∞ layers, but differs in 
the chemical nature of inter-layer linkage and separation 
of the layers. Systematic explorations were carried out in 
several related systems, each incorporating Fe2+ and oxa-
late ions together with further potential anionic linkers 
and charge-balancing cations. We successfully obtained 
three novel compounds, formulated as KFe(C2O4)F(I), 
Li2[Fe(C2O4)Cl2][Fe(C2O4)(H2O)2]2H2O (II), and 
Na2Fe(C2O4)SO4H2O (III). In addition to the 2D 
[Fe(C2O4)]∞ network, each displays a distinct inter-layer 
bridging mode, viz. a single ion (F–) bridge in I, a complex 
anion (SO4)2– bridge in III and no direct covalent bridge in 
II. 
Crystals of I, II, and III were prepared by hydrothermal 
synthesis in a Teflon-lined autoclave, and crystal structures 
were determined using single crystal X-ray diffraction 
(XRD). Full details of the synthesis and characterisation 
are given in Supporting Information (SI). More detailed 
structural information and views of each of the compounds 
I – III are given in the SI (Table S1 and Figure S1). Figure 1 
(c-e) show differing building units of the distinct 
[Fe(C2O4)]∞ layer topologies common to each type of the 
compounds. A comparison of structural and crystallo-
graphic features for the whole family is provided in Table 
1. 
Figure 2. A representation of layered iron oxalates. Layers connected by (a) a trans-oxalate, as in A, (b) without covalent connec-
tion, as in C, (c) a single F– ion, as in I, (d) without covalent connection, as in II, (e) an (SO4)2– tetrahedron, as in III. (f) Eclipsed 
layers in I. (g-h) Staggered layers in C. The [Fe(C2O4)] motif in (a) and (e) belongs to type-1 (D3h symmetry), while the bridging 
oxalate breaks m⊥ as well as three m∥. This leaves only C3 and C2 symmetry, as indicated by their space group P321. However, the 
replacement of tetrahedral sulphate for the pillaring oxalate as in (b) retains all mirror planes and adds an additional m in the c-
axis, hence the space group changes from P321 to P6 2𝑚. This clearly shows that the overall symmetry is manipulated by the 
bridge. Cations and free water molecules are omitted for clarity. 
 When comparing the significant magnetic interaction 
pathways of the newly discovered compounds, in compar-
ison with those previously known, examples of the two dif-
ferent aforementioned network types are observed. The 
“type-1” network consists of two types of iron oxalate build-
ing block based on equilateral triangle motifs (Figure 1 c-
d). The two triangles differ in the mode of connectivity of 
the Fe nodes via the oxalate ligands, the smaller triangle  
(edges D1) having Fe-O-C-O-Fe connectivity with oxalate 
ligands connected in a syn-anti way. The larger triangle 
(edges D2) has Fe-O-C-C-O-Fe connectivity with oxalate 
ligands bridging in cis manner. Overall, the type-1 network 
retains 3-fold symmetry.  The “type-2” network is built from 
one type of scalene triangle, with the lower symmetry 
caused by mixed bridging modes (syn-anti and cis) of the 
oxalates groups. As shown in Table 1,  the distorted kagome 
lattice (type-1) occurs in compounds A, B and III, whereas 
the distorted triangular lattice (type-2) is shared by com-
pounds I, II and C. In the type-1 variant, the smaller trian-
gle (edge-length D1) are expected to give rise to the strong-
est in-plane magnetic exchanges pathways, but the longer 
D2 pathways may also provide a significant interaction. D2 
is typically around 1.3 Å larger than D1. Lhotel et al. have 
reported the magnetic properties of this type-1 lattice based 
on compounds D, which exhibited an antiferromagnetic 
spin-order below the Néel temperature with exchange and 
dipolar interactions, and multiaxial anisotropy.26 The type-
2 distortion results in a lateral ”slanting” of a regular trian-
gular lattice, as displayed in Figure 1(b). The oxalate con-
nectivity effectively compresses one triangular side (D3), 
extends the second (D5), and keeps the third unchanged 
(D4), in comparison with the ideal equilateral triangular 
lattice. Therefore, the derived M-M distances follow the se-
quence D3 < D4 < D5. In compounds I, II and C, D3 and 
D4 correspond to O-C-O connection modes, and D5 to an 
O-C-C-O mode. Intra-layer metal-metal distances for both 
types are listed in Table 1. 
Table 1 also compares inter-layer connections in this family 
of compounds, Dlayers. It can be seen that the [Fe(C2O4)]∞ 
networks in A, B, I and III are linked directly by bridging 
groups and therefore form 3D frameworks, whereas those 
in C and II are isolated and thus feature 2D frameworks, 
with no direct covalent links. The inter-layer distance in 
the 3D structures follows the sequence I < III < A, B, which 
corresponds to the size of the bridging ligand. The 
[Fe(C2O4)]∞ layers are stacked in an eclipsed manner in the 
perpendicular direction, and the resultant lowering of 
space group symmetry arises from the symmetry of the 
bridging ligand, as shown schematically in Figure 2.  
Structures of the type-2 compounds I, II and C are more 
complex. The distortion of the 2D [Fe(C2O4)]∞ network 
lowers the overall symmetry from trigonal/hexagonal to 
orthorhombic. In compound C, identical [Fe(C2O4)]∞ lay-
ers lie in the ab plane but the H2O and HPO4 moieties act 
as terminal, rather than bridging, ligands on each side of 
the layer. In I and II, the iron-centred octahedra are com-
pleted by the same atoms or ions (F–, Cl–, or H2O). The 
type-2 layer itself is polar, but in compound C, neighbour-
ing polar layers align in opposite directions, resulting in a 
nonpolar structure, while the layers in I or II point in the 
same direction, resulting in polar (21) symmetry. (Figure 
S5) 
Another facet worth pointing out is the different mode of 
layer-stacking displayed by bridged and non-bridged vari-
ants. As shown in Figure 2 (f-h), the [Fe(C2O4)]∞ layers in 
the 3D frameworks are all fully overlapped, while in the 2D 
frameworks they are packed in a staggered way. We posit 
that the adjacent layers are inherently inclined to misalign 
with each other to minimise repulsions, but the introduc-
tion of pillars stabilises the eclipsed stacking.  
Preliminary magnetic measurements on I reveal some in-
teresting magnetic behaviour. The purity of a polycrystal-
line sample of I was confirmed by Rietveld analysis of pow-
der XRD data (Figure 3). Figure 4(a) shows the temperature 
dependences of the magnetic and inverse susceptibilities 
of polycrystalline I measured in a zero-field- cooled (ZFC) 
field-cooled (FC) cycle over 2 – 300 K. Above 100 K, the sys-
tem can be modelled as a Curie-Weiss magnet. Curie-
Weiss fitting of the high temperature inverse susceptibility 
data indicates strong, dominant antiferromagnetic ex-
change interactions with a Weiss constant, θ = –301(2) K, 
and an effective paramagnetic moment typical of that ob-
served for high-spin Fe2+. Below Tc ~ 20 K, the system ap-
pears to undergo a long-range magnetic ordering transi-
tion. Comparing the energy scale for magnetic order in I 
with the energy scale for magnetic exchange set by the 
Weiss constant, |θ|/Tc ~ 15, suggests that spin order in the 
system is highly frustrated. Interestingly, the magnetic sus-
ceptibility data for I also reveal a broad maximum centred 
~ 100 K (Figure 4(b)) that may indicate the onset of short-
range magnetic correlations above the ordering transi-
tions. Indeed, this broad feature can be very well described 
in by a 1D spin chain model, yielding an intra-chain cou-
pling constant J = 8.46(4) K (see SI). This suggests that the 
magnetic sublattice in I undergoes a one- to three-dimen-
sional crossover upon cooling that stems from the different 
magnetic exchange pathways within its layered structure. 
Figure 3. Rietveld fit of powder XRD for sample I at room 
temperature; Cmc21 space group, a = 7.7802 (1) Å, b = 
11.8831(2) Å, c = 10.4216(2) Å, wRp=0.0647, Rp=0.048, χ2=1.772. 
 From the present data it cannot be determined whether 
the 1D magnetic behaviour at higher temperature corre-
sponds to the short Fe-F-Fe inter-layer pathways (Fe---Fe 
~ 3.89 Å) or to a more complex intra-layer pathway: the 
shortest intra-layer pathway arises from chains of oxalate-
bridged Fe---Fe along the c-axis via D3. This apparent com-
petition of exchange interactions via the fluoride and oxa-
late anions in I is an intriguing phenomenon and one that 
is currently under further investigation. Moreover, the 
ability to tailor both the [Fe(C2O4)]∞ network type and the 
nature of inter-layer interactions suggests a much richer 
range of magnetic behaviours is likely within this family. 
In addition to their interesting magnetic properties, these 
novel compounds are noteworthy in several other regards. 
A promising avenue of research is to explore their electro-
chemical performance as battery materials since their 
structures possess large channels for alkali metals (either 
K+, Na+, or Li+) to migrate and the valence state of Fe is ad-
justable. In particular, I displays a robust 3D framework 
stable up to 300 oC as indicated by thermogravimetric anal-
ysis, and large channels in the [100], [010], and [013] direc-
tions (Figure S6). Moreover, its theoretical capacity (140 
mAh/g) is comparable to the commercial cathode material 
LiFePO4. These new materials also hold promise for non-
linear optical and multiferroic behaviour due to the inher-
ent polar and/or noncentrosymmetric structures. For 
structural chemists, the reported compounds will also in-
spire the discovery of new families of compounds using 
other compositional variants. For example, we have so far 
successfully obtained A+M2+(C2O4)F (for K-Mn/Co, Rb-
Fe/Co and NH4-Fe combinations), all displaying the same 
3D framework as their K-Fe counterpart. 
In conclusion, the present work demonstrates that the in-
ter-layer linkage is a chemical-bonding weakness in lay-
ered oxalates and illustrates a successful route to new 
solid-state materials through the selective engineering of 
the weaker bond. It provides new insight into the con-
trolled self-assembly of complex magnetic architectures 
from only a few known cases, and illustrates how both the 
magnetic and crystallographic dimensionality can be ma-
nipulated by chemical tuning. The realisation of the weak-
ness in the structure not only offers the possibility of pre-
paring materials with interesting properties, but also offers 
a way to target the synthesis of many new materials. 
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